ABSTRACT The effects of dietary supplementation of sodium selenite (SS) on the reproductive performance and the concentration of selenium, glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), and malondialdehyde (MDA) were determined, and expression of glutathione peroxidase 4 (GPx4) and bone morphogenic protein 15 (BMP15) was evaluated. Paired pigeons (n = 864) were fed: T1 received no SS, while T2, T3, and T4 received 0.5, 1.0, and 1.5 mg of SS/kg of dry matter (DM), respectively. Treatments were performed in triplicate with 72 pairs in each replicate. The results showed that selenium supplementation significantly affected pigeon reproductive performance. Birds fed 1.0 mg of SS/kg displayed higher egg production (P > 0.05), higher birth rate, and lower dead sperm rate than the control group (P < 0.05). Selenium and biochemical analyses revealed a higher selenium concentration in the 1.5 mg of SS/kg group than in the control group (P < 0.05), while GSH-Px was higher in the 0.5 mg of SS/kg group than in the control group (P < 0.05). Neither the MDA nor the SOD content were affected significantly in liver, chest muscle, or leg muscle (P > 0.05); however, in plasma, MDA was lower in the control group (P < 0.05), while SOD was higher in the control group (P < 0.05). qRT-PCR results revealed up-regulation of GPx4 in hypothalamus, pituitary and testis tissues in supplemented groups (P < 0.05). However, expression in ovary differed; GPx4 mRNA levels were lower in the 1.5 mg of SS/kg and control groups than in the 1.0 or 0.5 mg of SS/kg groups (P < 0.05). Expression of BMP15 in the hypothalamus, pituitary, and testis tissues was unaffected (P > 0.05), while in ovary, BMP15 was down-regulated in the 1.5 mg of SS/kg group (P < 0.05). These results suggest pigeons supplemented with SS up-regulated GPx4, 1.0 mg of SS/kg exhibited superior reproductive performance, while 1.5 mg of SS/kg increased the selenium concentration, and 0.5 mg of SS/kg up-regulated GSH-Px activity.
INTRODUCTION
Selenium (Se) is an essential nutrient required by all animals, and 0.05 to 0.08 ppm is needed by laying hens (NRC, 1994) . Cantor et al. (1984) suggested an upper limit before feed intake decreases of 4 mg of SS/L of drinking water, equivalent to 7 ppm of SS in the diet. Furthermore, Cantor et al. (2000) and Patton (2000) both indicated that 3 ppm of SS was not toxic to laying hens. Rayman (2000) reported that the Se intake in humans decreased from 60 to 34 μg per d per person between 1975 and 1995. Se deficiency is associated with growth, overall health and reproduction in animals (Weiss et al., 1990) . Yoshizawa et al. (1998) Benton and Cook (1991) showed that supplementing with 100 μg Se per d could significantly reduce anxiety, tiredness, and depression. Aspila (1991) demonstrated that the Se concentration in milk is positively correlated with Se concentration in the diet, and Givens et al. (2004) found that Se supplementation increased the Se concentration in cow's milk, which offers one route for increasing Se intake in humans in areas where Se intake is suboptimal. Additionally, Liu et al. (2011) suggested that muscle tissue has a strong response to dietary Se level, suggesting meat could be a significant source of dietary Se. Payne et al. (2005) concluded that both Se-enriched yeast (SY) and SS could increase the egg Se concentration.
Se is an indispensable structural component of the glutathione peroxidase (GSH-Px) enzyme (Schwarz and Foltz, 1957; Rotruck et al., 1973) , which was the first selenoprotein to be characterized (Brown and Arthur, 2001) . Mammalian GSH-Px was originally identified in 1957 as an antioxidant enzyme that protects membrane lipids and macromolecules from 3407 oxidative damage (Mills, 1957) . The antioxidant effects of Se were shown to be mediated through GSHPx, which removes potential damaging lipid hydrogen peroxides and plays a unique role in protecting cells against free radical-induced oxidative stress (Arthur, 2001) . Previous studies suggested that early pregnancy loss may be linked to reduced antioxidant protection of biological membranes and DNA due to low concentrations of the Se-dependent GPx (Barrington et al., 1996; Barrington et al., 1997) . Furthermore, glutathione peroxidase 4 (GPx4) is an essential selenoprotein needed for spermatogenesis and deficiency is associated with male infertility (Ursini et al., 1999; Maiorino et al., 2003; Schneider et al., 2009) . Bates et al. (2000) found that Se deficiency has no significant effect on female reproduction. However, Basini and Tamanini (2000) reported that Se significantly stimulates the proliferation of cells from small follicles, and also enhances oestradiol production.
Despite extensive research on the effects of dietary Se supplementation on cow's milk and chicken eggs and meat, very little information has been published regarding pigeon production, the eggs and meat of which are popular in China and provide a source of dietary Se. In the present study, we assessed the effects of dietary Se supplementation on pigeon egg production, fertility rate and birth rate. We measured the Se concentration in eggs, chest muscle, and leg muscle, performed enzyme activity and biochemical assays, and probed GPx4 and BMP15 expression in the hypothalamus-pituitarygonad (HPG) axis to investigate the molecular regulation of Se supplementation.
MATERIALS AND METHODS

Animals and Management
A total of 864 paired White King pigeons, approximately 12 months old, were obtained from the Tangshan Cuigu pigeon industry (Nanjing, China). They were divided into 4 groups, with 3 replicates in each group. Water and food were available ad libitum (Table 1) . Dietary treatment 1 (T1) contained no added SS, whereas treatments T2, T3, and T4 contained 0.5 mg, 1.0 mg and 1.5 mg of SS/kg of DM, respectively. Birds were housed in pairs and raised under natural il- 
Reproductive Performance
Egg production from 216 birds in each group (n = 864) were recorded daily during the experimental period, the fertility rate (number of fertilized eggs/number of eggs), birth rate (number of hatched eggs/number of eggs) and dead sperm rate (number of dead sperm eggs/number of eggs) were calculated.
Se and Biochemical Assays
Three paired pigeons from each replicate were selected and blood samples (0.5 to 0.8 mL per sample) were collected from 0900 to 1000 h. The blood sampling procedure followed the institutional animal care and use guidelines. Blood was drawn using a 1-mL syringe. After the needle was removed, a dry cotton ball was applied to the site for 2 min to ensure hemostasis. Immediately after collection, blood was transferred to tubes containing 10 μL heparin sodium (0.8 M) and centrifuged at 3,000 × g, 4
• C, for 5 min. Plasma samples were stored at −20
• C until analysis. Hydride generation atomic fluorescence spectrometry was used to detect the Se concentration in pigeon eggs, chest muscle and leg muscle. The concentrations of GSH-Px, superoxide dismutase (SOD), and malondialdehyde (MDA) were determined according to the instructions accompanying the GPx assay kit, SOD assay kit, and MDA assay kit (catalogue numbers A005, A001-3, A003-1), respectively (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) .
Tissue Collection
In total, 48 birds were selected randomly from the 4 groups (6 females and 6 males from each group), sacrificed, and the HPG axes isolated. All tissue samples were collected at the same time of day (between 0900 and 1000 h). Pigeons were anesthetized with sodium pentobarbital at a dosage of 2.5 mg/100 g body weight and every effort was made to minimize suffering. Collected tissues were immediately frozen in liquid nitrogen and stored at −80
• C until analysis. Total RNA was isolated using TRNzol and reverse transcribed using the Fast Quant RT Kit (catalogue numbers DP405 and KR106, respectively; TIANGEN Biotech Co., LTD, Beijing, China).
Expression of GPx4 and BMP15 was measured by qRT-PCR using primers designed based on the coding region of the target gene (Table 2) . SuperReal PreMix (SYBR Green; catalogue number FP204; TIANGEN Biotech Co., Ltd., Beijing, China) was used to detect expression. Reactions (20 μL) contained 10 μL 2 × SuperReal Premix, 0.4 μL 50 × ROX Reference Dye, 0.6 μL of each primer, 1 μL cDNA, and 7.4 μL ddH 2 O. PCR was performed under the following conditions: cDNA was denatured at 95
• C for 15 min, followed by 40 cycles of 95
• C for 10 s and 60
• C for 32 s. Assays were repeated independently 3 times.
Statistical Analysis
Data are expressed as means ± standard deviation and analysis was performed by one-way analysis of variance (ANOVA) using SPSS 13.0 (SPSS Inc., Chicago, IL). The significance of differences between groups was evaluated by the least significant difference post hoc multiple comparisons test. The significance level was set at P < 0.05.
RESULTS
Reproductive Performance
The reproductive performance of pigeons was monitored throughout the 60-d experiment (Table 3). Supplementation of 1.5 mg of SS/kg resulted in lower egg production (monthly) than the other groups (P < 0.05), while the 1.0 mg of SS/kg group was higher than the control group (P > 0.05). The fertilization rate was higher in all supplemented groups than in control group, and the 0.5 mg of SS/kg group was significantly higher (P < 0.05). The birth rate of the 1.0 mg of SS/kg group was significantly higher (P < 0.05) and the dead sperm rate significantly lower than the control group (P < 0.05). Supplementation of 1.0 mg of SS/kg displayed the best reproductive performance.
Se Concentration
The Se concentration in eggs, chest muscle and leg muscle was examined (Table 4 ). The results showed Table 4 . Mean selenium concentration in eggs, chest muscle and leg muscle (mg/kg). that 0.5 mg of SS/kg did not significantly alter the Se concentration in eggs compared with the control group (P > 0.05). However, the Se concentration in eggs was higher in the 1.5 mg of SS/kg group than in the other groups (P < 0.05). Although the Se level in eggs was lower in the 1.0 mg of SS/kg group than in the 1.5 mg of SS/kg group (P < 0.05), they were above those of the control and 0.5 mg of SS/kg groups (P < 0.05). This pattern was also observed in chest muscle and leg muscle, in which the Se concentration increased upon dietary supplementation. The Se concentration in chest muscle and leg muscle was significantly higher in the 1.5 mg of SS/kg group than in the control group (P < 0.05).
GSH-Px, SOD, and MDA Levels
The enzyme activity of GSH-Px in plasma increased in all supplemented groups, and the difference was significant for the 0.5 mg and 1.0 mg of SS/kg groups (P < 0.05), but not for the 1.5 mg of SS/kg group (P > 0.05; Table 5 ). GSH-Px enzyme activity in liver and leg muscle was also higher in all supplemented groups than in the control group (P < 0.05), and highest in the 0.5 mg of SS/kg group. The 0.5 mg of SS/kg group resulted in a higher GSH-Px activity in chest muscle compared with the control group (P < 0.05).
SOD levels in plasma increased in all supplemented groups compared with the control group (P < 0.05), but differences were not significant in supplemented groups (P > 0.05; Table 6 ). Although SOD levels were higher in liver, chest muscle, and leg muscle, there were no significant differences among groups (P > 0.05).
The concentration of MDA in plasma was significantly lower in supplemented groups compared with the control group (P < 0.05; Table 7 ). The MDA level was higher in the control group in liver, chest muscle and leg muscle, but there were no significant differences among groups (P > 0.05). 
Expression of GPx4 and BMP15
Quantitative real-time polymerase chain reaction (qRT-PCR) was used to investigate the expression of GPx4 and BMP15 in the HPG axis. As shown in Figure 1 , the amplitude and pattern of expression of GPx4 were similar in the hypothalamus and pituitary, with expression higher in the 1.0 mg and 1.5 mg of SS/kg groups than in the control and 0.5 mg of SS/kg groups (P < 0.05). Expression of GPx4 in testis was higher in all supplemented groups than in the control group (P < 0.05). However, expression in ovary differed, with expression higher in the 0.5 mg and 1.0 mg of SS/kg groups than in the 1.5 mg of SS/kg and control groups (P < 0.05).
Analysis of the expression of BMP15 in the HPG axis ( Figure 2 ) revealed higher expression in the hypothalamus and pituitary in the 0.5 mg of SS/kg group compared with the control group (P > 0.05), but expression was lower than controls in testis (P > 0.05). By contrast, expression of BMP15 in ovary was significantly lower in the 1.5 mg of SS/kg group than in the other groups (P < 0.05).
DISCUSSION
Our results showed that dietary SS supplementation (0.5 and 1.0 mg/kg) had no significant effect on egg production in pigeons, consistent with the findings of Khashaba et al. (2009) and Utterback et al. (2005) . However, contrary to Leeson et al. (2008) , who reported that dietary Se has no effect on egg production in both breeders and layers, supplementation of 1.5 mg/kg SS in the present study led to a significant decrease in egg production. Payne et al. (2005) concluded that up to 3 ppm of SS or SY can be used as a dietary supplement for laying hens without detrimental effects on hen production. By contrast, Ort and Latshaw (1978) found that there were no adverse effects on hen production in diets supplemented with 0, 0.1, 1, 3, 5, or 7 ppm of SS, but hen production was decreased by 9 ppm of SS, in accordance with our results that suggested a dosage of 1.5 ppm can affect Se endurance in pigeons. Both the fertility rate and birth rate were increased by dietary Se supplementation, as previously concluded by Leeson et al. (2008) . Both Payne et al. (2005) and Utterback et al. (2005) observed no differences in mortality due to Se supplementation, but our results revealed Se supplementation affected the dead sperm rate, presumably due to the effect of Se on spermatozoa function (Behne et al., 1996) . Furthermore, with increasing Se supplementation, the Se concentration in eggs, chest muscle, and leg muscle increased. Zoran et al. (2009) and Pan et al. (2007) also came to a similar conclusion. GSH-Px serves as an indicator of the Se status in animals, especially the concentration in blood, which should be relatively stable (Anderson et al., 1979; Wichtel, 1998) . In the present study, the concentration of GSH-Px in plasma, liver, chest muscle, and leg muscle was higher in Se supplementation groups, consistent with the findings of Mahan et al. (1999) and Hudson and Wilson (2003) . While Se supplementation was reported to affect GSHPx enzyme activity (Awadeh et al, 1998; Rock et al., 2001 ), Feng et al. (2012 found that the GSH-Px activity was higher without Se supplementation, and the GSH-Px activity was higher with 0.75 mg/L than with 0.375 mg/L or 1.5 mg/L. Furthermore, our results showed that 0.5 mg of SS/kg stimulated GSH-Px activity, indicating a correlation between GSH-Px activity and the dosage of Se supplementation.
The SOD activity also increased following Se addition, consistent with the findings of Xue et al. (2001) , who showed that adding Se strengthened the antioxidative capacity by enhancing SOD activity. MDA is formed from the peroxidation of lipids, and is promoted by oxygen free radicals in tissues. GSH-Px protects against peroxidation and helps to maintain low levels of MDA (Waylan et al., 2002) , in accordance with our results. The increased GSH-Px activity and decreased MDA content in plasma, liver, and muscle tissues suggested that supplementary Se improved the ability to protect against oxidative stress.
Dietary intake of Se can alter the expression of GPx in blood and tissues (Brown et al., 2000) . Behne et al. (1996) concluded that Se is required for testosterone biosynthesis and normal development of spermatozoa, and GPx4 plays a key link between Se, sperm quality, and male fertility (Puglisi et al., 2003) . Ursini et al. (1999) found that GPx4 helps to protect developing sperm cells against oxidative damage, and it polymerizes in mature spermatozoa to form a structural assembly. Zhou et al. (2009) fed pigs with 0.3 mg Se/kg, which induced higher levels of GPx4 in testis than in animals fed with 3 mg Se/kg alongside their basal diet. Our results showed that supplementation with 1.5 SS/kg resulted in higher mRNA levels of GPx4 in testis, suggesting Se dosage can affect GPx4 expression. Research investigating the effect of GPx4 on ovaries has been minimal, but our results showed that Se supplementation affected the expression of GPx4 in this tissue, indicating a potential ovarian role that requires further study. GPx4 null mice die in utero at mid gestation, and knockdown of GPx4 during embryogenesis disrupts brain development (Imai et al., 2003; Yant et al., 2003) . Savaskan et al. (2007) postulated that up-regulation of GPx4 in astrocytes protects brain cells against apoptosis. Roveri et al. (1994) reported lower expression of GPx4 in the rat brain compared with testis. Our results suggest that supplementation of Se enhanced the expression of GPx4 in pituitary. However, Zhou et al. (2009) reported that GPx4 expression in the pituitary of young pigs was not affected by dietary Se levels.
BMP15 plays an essential role in initial follicular recruitment that stimulates the proliferation of theca cells and interstitial cells in preantral follicles (Hayashi et al., 1999; Shimasaki et al., 2004) . Demeestere et al. (2005) reported that the absence of SS in the culture medium of mice cells did not result in a significant decrease in the viability of intact preantral follicles. However, in our study, supplementary SS significantly influenced the expression of BMP15 in ovary tissue. Yan et al. (2001) showed that BMP15 null females display decreased ovulation and fertilization rates, while Galloway et al. (2000) showed that mutation of oocytederived BMP15 increased the ovulation rate and infertility in a dosage-sensitive manner. In the present study, supplementation of 1.5 SS/kg lowered BMP15 levels in ovary tissue, suggesting dietary Se might affect egg production and fertility in pigeons in a dosage-sensitive manner, but further study is needed.
In conclusion, the results showed that supplementary Se affects the reproductive performance of pigeons. Birds treated with SS stimulated GPx4 expression, 1.0 mg of SS/kg displayed better reproductive performance, while treatment with 1.5 mg of SS/kg increased the Se concentration in various tissues. Additionally, 0.5 mg of SS/kg stimulated GSH-Px activity, and these parameters might prove useful for determining the appropriate Se supplementation dosage.
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